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ABSTRACT

Compact soft x-ray laser sources are now used routinely for various applications primarily because of their
high repetition rate, high photon fluence and short pulse duration characteristics. For some of these
applications, for example interferometry of high density laser-produced plasmas, longer optical drive
pulses, 6 – 13 ps (FWHM), have been implemented to maximize the x-ray output and coherence. It is
therefore important to know the x-ray laser pulse length, shape and repeatability for these specific
experiments as a baseline measurement but also to better understand the temporal behavior as a function of
the pumping conditions in general. We report a detailed temporal characterization of the picosecond-driven
14.7 nm Ni-like Pd ion x-ray laser on the Compact Multipulse Terawatt (COMET) laser at LLNL using an
ultrafast x-ray streak camera measurement of a horizontal slice of the near-field x-ray laser pattern. This is
measured as a function of the chirped pulse amplification pumping laser conditions, including varying the
pump pulse from 0.5 – 27 ps (FWHM), varying the plasma column length as well as investigating
traveling wave (TW) and non-TW irradiation conditions.
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1. INTRODUCTION

Saturated output, picosecond-laser-driven tabletop x-ray lasers have been used and reported for several applications
over the last year [1 – 3]. An accurate measurement of the x-ray pulse duration is essential for these applications. It can
also give insight and further understanding of the mechanisms contributing to the population inversion. Recent temporal
measurements of transient gain x-ray lasers driven by picosecond lasers have shown that x-ray laser pulse duration can be
as short as 2 – 3 ps (FWHM) for the Ni-like Ag x-ray laser under certain pumping conditions [4, 5]. In all of these
experiments a combination of two laser pulses are utilized where a long nanosecond pulse forms a pre-plasma that is
further heated by a second, shorter picosecond, high intensity pulse [6]. Simulations have shown that very high, but
short-lived gain is generated during and after the peak of the short pulse for collisional Ne-like and Ni-like ion x-ray
lasers [7, 8]. Other x-ray laser experiments using the pre-pulse technique [9], where a lower intensity (2 – 10% of main
intensity) is followed several nanoseconds later by the main 70 – 100 ps (FWHM) laser pulse have been performed on
similar mid-Z Ag and Pd targets [10 – 12]. Those experiments indicate that x-ray laser pulses of 32 – 40 ps are generated
and are 2 – 3 times shorter than the laser pumping pulse [10 – 12].

There are still unanswered questions that warrant more detailed experimental temporal measurements of transient gain
x-ray lasers. It was shown previously in our laboratory that longer picosecond pumping pulses could give higher x-ray
laser output with all other parameters remaining constant [13]. In addition, some of the x-ray laser applications at LLNL
require that the x-ray laser source is optimized by using 6 or 13 ps pumping pulses [1] which is longer than at other
laboratories [4, 5]. It is important to know what effect this has on the Ni-like Pd 14.7 nm x-ray laser pulse duration.
Secondly, some general idea of how the x-ray laser pulse length scales with the picosecond laser pulse would be of great
interest. We have investigated some of these issues in this work by using an ultrafast (500 fs time resolution) x-ray streak
camera that was recently used for x-ray spectroscopy of 100 fs laser-heated thin foils [14]. We utilize a near-field imaging
technique to study the 14.7 nm line either in 2-dimensions (2-D) and time-integrated using a charge-coupled device
(CCD) camera or in 1-D with temporal resolution using the fast streak camera. The x-ray laser pulse duration is measured
as a function of the chirped pulse amplification pumping laser conditions, including varying the pump pulse from 0.5 –
27 ps (FWHM), varying the plasma column length as well as investigating traveling wave (TW) and non-TW irradiation



conditions. The results presented here are primarily the determination of the x-ray laser duration as a function of the short
pulse duration at a fixed delay of 700 ps peak-to-peak between the two laser pulses. A detailed comparison with
simulations will be published at a later date. The effect of changing the pulse separation and other pumping conditions on
the x-ray laser temporal and spatial properties, together with x-ray laser interferometry measurements of the pre-formed
electron density profile, are presented by Smith et al. in these proceedings [15].

2. LASER AND EXPERIMENTAL DESCRIPTION

The Ni-like Pd 14.7 nm x-ray laser beam was generated using two laser beams at 1054 nm wavelength from the
Compact Multipulse Terawatt (COMET) laser facility at LLNL and could be fired at a repetition rate of 1 shot every 4
minutes [16]. Saturated x-ray laser output in excess of 10 µJ was previously demonstrated with a combination of a 600
ps full width at half maximum (FWHM) long pulse and a 1.2 ps main heating pulse. The long pulse arrives first forming
the pre-plasma and is then followed by the short pulse after a delay of 700 ps peak-to-peak. Some changes to the
experiment have been implemented. The line focus is lengthened to 1.6 cm long, using a cylindrical lens and an on-axis
paraboloid focusing optics, and polished Pd slab target up to a maximum length of 1.25 cm are irradiated. Traveling

wave line focus geometry was implemented before the focusing optics by using a high-reflectivity, 0° dielectric-coated
reflection echelon consisting of seven flat vertical mirror segments. Each segment is offset by 0.12 cm relative to the
adjacent mirror in the direction away from the optical axis of the laser drive beam. The stepped mirror produces a
segmented line focus, each segment approximately 0.23 cm long, with each mirror segment offset to generate a delay of
7.8 ps relative to the next. Therefore, the TW line focus irradiation geometry is stepped and not continuous. Non-
traveling wave geometry can be studied by replacing the TW mirror with a flat high reflectivity mirror [16]. Typically,
the 14.7 nm x-ray laser output is enhanced along the direction of the TW by as much as two orders of magnitude. For
this experiment, the long pulse was focused to ~150 µm (FWHM) with 1.25 ± 0.25 J energy on target (EOT). The short
pulse energy was focused to 100 µm (FWHM) and contained 3.75 ± 0.25 J EOT. The short pulse duration was set by

Figure 1: Experimental setup shows the near field x-ray laser imaging technique using multilayer-coated spherical mirror S1.
Time-integrated, 2-D images (center inset picture) are recorded using back-thinned CCD camera with 45° multilayer
optic M1 in. Time-resolved 1-D images (left inset picture) are recorded using the streak camera with M1 out. A
combination of motorized thin foil filters (F1, F2, F3) are placed in the x-ray beamline to control the intensity.



adjusting the separation of the compressor gratings. Optimizing the compression gave the shortest pulse length of 500 fs,
while de-tuning the compressor gave longer pulse durations of 1.75, 3.4, 6.7, 13.4, and 26.8 ps (FWHM).

Previous x-ray laser pulse measurements were performed using a streak camera with a grating spectrometer [4, 5]. As
a consequence, the grating introduces a chirp of 1 – 2 ps on the measurements which has to be added to the instrumental
temporal resolution of the streak camera. The experiment geometry here was chosen to satisfy a number of criteria. We
wanted to spatially resolve the whole x-ray laser emission relative to the target as well as determine the spatial and
temporal extent of the continuum emission. The temporal instrumental broadening effects were to be minimized. The
experiment should have a similar setup to the x-ray laser beam line used for applications in order to determine the x-ray
laser pulse under these conditions. The x-ray laser intensity should be carefully controlled to minimize instrument
saturation effects. Finally, a sufficient number of shots were to be taken to ensure good statistics, to study repeatability
and look for trends in the measurements. The experimental setup for the x-ray laser experiment is shown in Fig. 1. The x-
ray laser output in the direction of the TW is imaged by a Mo:Si multilayer-coated spherical mirror (S1) with 11.75 cm
focal length with high reflectivity centered  on the 14.7 nm x-ray laser wavelength. This is relayed by a 45° Mo:Si
multilayer-coated flat mirror (M1) onto either  the streak camera or back-thinned CCD camera with 22 times
magnification. Both detectors are at normal incidence to the x-ray laser beam and are placed equidistant to S1 to within
±0.05 cm. A second Mo:Si flat mirror (M2) is motorized to intercept the x-ray laser beam and direct it to either detector
on a shot-to-shot basis. The center inset image in Fig.1 shows the time-integrated 2-D near-field image of the x-ray laser
beam as it exits the end of the Pd target line focus. The streak camera is orientated in the horizontal direction, with the
long axis of the entrance slit 100 µm × 2.5 cm (W × L) aligned along the z-axis, so that it samples a narrow, 1-D
horizontal slice of the near-field image perpendicular to the Pd target. This is swept in time as shown in the left inset
image in Fig. 1. Three filters F1, F2 and F3 are used in combination to control and attenuate (up to a maximum of 104)
the x-ray laser fluence on the detectors. This allowed the x-ray laser to be studied at the threshold of lasing and in
saturation.

3. X-RAY STREAK CAMERA CHARACTERIZATION

The streak camera was
characterized during the
experiment to measure the
sweep speed, temporal
response, spatial resolution,
dynamic range and onset of
space-charge saturation
effects for exposure at x-ray
laser photon energies. It is
essential to know these
parameters in order to
operate the streak camera
within the optimum
regime. This camera has a
measured temporal response
of 500 fs (FWHM) using
100 fs pulses of 400 nm
and 800 nm wavelength
light with a Au
photocathode [17]. Similar
results have been confirmed
with 0.7 – 0.8 nm x-rays
[14]. For this experiment, the photocathode consisted of 120 nm CsI/75 nm Al coated on a thin, etched 40 nm Si3N4

window in a 250 µm Si wafer substrate. The extracted photoelectrons enter the drift tube and are subsequently focused
with electron optics as they enter the sweep plate region. The swept electrons at the end of the streak tube are incident on
a phosphor-coated fiber-optic. The light signal intensity from the phosphor is increased by a microchannel plate
intensifier placed in contact at the back of the streak camera. The intensifier is operated in a low setting to minimize

(a)

(b)

AA’

(c)

Figure 2: (a) Sweep speed calibration showing excellent linear response. (b) Image of
photocathode slit for streak camera in focus mode (unswept). Note that a fiducial marker is
placed in front of the photocathode to calibrate the 1-D spatial axis. (c) Lineout across image
at AA’ indicating finite slit width tDC of 6 pixels (FWHM). This corresponds to 820 fs.



additional noise contributions to the image. A 2 times fiber-optic reducer demagnifies the image which is finally fiber-
optic coupled to a CCD camera. The swept image is digitized at 16-bit resolution.

A Michelson type interferometer using a thin multilayer coated beamsplitter was introduced into the beam line to
generate two x-ray laser pulses that were incident on the streak camera. Adjusting the length of one arm allowed the
relative time delay between the pulses to be changed in order to calibrate the streak camera sweep speed in fast mode
operation. Figure 2(a) shows the pixel position as a function of the time delay between the two pulses. The streak camera
has measured sweep speed of 5.67 ps/mm (at the CCD camera) with a total time window of 101.8 ps. The sweep speed
has excellent linearity to within ~1 – 2 %. The temporal resolution of the streak camera, to first order, will be determined
by the slit width and image quality achieved with the electron focusing optics. Figure 2(b) shows the image of 14.7 nm
x-rays illuminating the slit in DC or focus mode where the electrons are not being temporally swept. A lineout through
the image at AA’ shows the intensity profile with a minimum image width corresponding to finite slit width, tDC, of 820
fs (FWHM), Fig. 2(c). This is the minimum time response for the streak camera and is slightly longer than the
previously quoted 500 fs. This is attributed mainly due to the fiber-optic reducer, and some loss of spatial resolution,
which was not used in the earlier experiments.

There are other factors that affect the streak camera temporal response when used in the swept mode. If the following
assumptions are made: (a) The different effects have Gaussian pulse shape distributions; and (b) They all are independent,
then the measured time response, tmeas, can be written as the quadratic summation where tmeas = {tDC

2 + tES
2 + tSC

2 +
tXRL

2}1/2 [18]. The parameters tES, tSC, and tXRL, refer to the time dispersion due to the energy spread in photoelectrons,
space-charge broadening due to coulombic repulsion of the electrons within the streak camera, and the x-ray laser temporal
response, respectively [18]. The individual contributions listed above could be estimated. For example, the time
dispersion component, tES, may be calculated from
knowing the streak camera extraction field (15 kV) across
the mesh to photocathode distance, the energy spread in
photoelectrons, ∆E = 1.6 eV for CsI [19], and the time
delay due to the different electron trajectories. However, it
is not clear that the assumptions listed particularly (b)
above are valid in all cases here and therefore how they
combine. Space-charge effects observed with this streak
camera result in a broadening of the pulse shape at the
peak intensity producing a flattened non-Gaussian shape.
This introduces a potential difficulty in the deconvolution
of tXRL from the measured pulse shapes. An alternative but
simple method can be offered that addresses this issue. A
reasonable estimate of the upper limit of the temporal
resolution can be obtained by looking for the shortest
measured pulse feature among all of the x-ray laser data.
This involves analyzing hundreds of shots and looking for
the shortest pulse width or rise time in the data. A very
fast rise time of 1.4 ps (10 % – 90 % peak intensity) is
observed in several shots for 6.7 ps pumping on a 0.6 cm target length. This pulse shape is shown in Fig. 3. It is not
clear that this measured rise time is completely instrument limited in which case the streak camera response would be a
partial and therefore smaller contribution. But nonetheless, in the absence of further information this upper limit can be
placed on the streak camera temporal resolution with a high degree of confidence. We determine the streak camera
resolution to be ~1 ps (FWHM) with an upper limit of 1.4 ps and a lower limit of 0.82 ps. These two limits are used to
deconvolve the instrument response, in quadrature, from the measured values in the Experimental Results (Section 4). We
add the caveat that this is for the streak camera operated at an incident x-ray fluence below the threshold for space-charge
broadening effects.

It is possible to carefully characterize the effect of space-charge and the resultant temporal instrument broadening
using the large number of data shots available with a range of different x-ray fluences on the streak camera. Figure 4
shows a plot of measured x-ray laser pulse duration, tmeas, as a function of incident peak intensity. The data was recorded
on one experimental day (21 recorded streak shots) all measured under similar pumping conditions of a 6.7 ps short pulse
with TW geometry. It is clear from Fig. 4 that the measured x-ray pulse duration increases above a certain intensity
threshold. Most of the data with peak intensity below 16000 a.u. are closely grouped around the mean value of 4.72 ps
(FWHM) shown by the dashed horizontal line. However, data points with higher peak intensity also have broader pulse

Figure 3: Measured x-ray laser pulse shape for 6.7 ps pump
pulse irradiating a 0.6 cm Pd target, showing fast
rise time of 1.4 ps (10 – 90% of peak intensity).



widths as high as 10 ps (see data points at 30000 a.u.). This dependence of tmeas vs Ipeak has the classic shape of space-
charge temporal broadening due to coulombic repulsion of the photoelectrons within the streak camera. It is beyond the
scope of this work to go into further detail here other than to recognize the onset of the effect. This area has been reported
extensively in the literature [20, 18] and has been determined in other recent x-ray laser experimental data [12]. We utilize
the 20 % increase in broadening as the threshold (5.66 ps for this set of data) which corresponds to 19000 a.u. and ignore
the data above this peak intensity because of space-charge saturation. This sets the effective dynamic range of the streak
camera in the region of 40 – 50. For comparison, a cooled CCD camera can readily achieve a dynamic range of above
20000. The low intensity data point in Fig. 4 is also ignored because of the poor signal-to-noise ratio (SNR) for streaked
images with low numbers of detected x-ray photons. The low signal shots tend to have very noisy profiles with spurious
noise spikes that make the analysis difficult. So in this example for the data shown in Fig. 4, approximately 33% of all
the data shots are rejected from the analysis because of space-charge or low SNR. This requires control of the incident x-
ray laser fluence with the filter combination F1, F2, and F3 to achieve the best performance from the streak camera. It is
worth noting that tmeas is the x-ray laser width with the instrument response included. After de-convolving the instrument
response, the actual x-ray laser width tXRL will be lower than tmeas by a small value, typically 0.1 – 0.2 ps, in most cases
(see inset table in Fig. 6).

4. EXPERIMENTAL RESULTS

Several detailed parameter scans were performed and some of this work is presented here. It was possible to record
low noise x-ray laser swept images and extract the pulse shapes, see Fig. 3. It was recently reported [4] that the rise and
fall of the x-ray laser output is correlated with a change in the continuum emission and that this may be an indication of
an extinction mechanism. The streak camera dynamic range limits the ability to simultaneously measure x-ray signals at
different intensities, for example continuum emission and the x-ray laser pulse, under certain conditions. Figure 5 shows
this for two different short pumping pulses where the x-ray filter attenuation has been adjusted to maintain the peak x-ray
laser signal below the streak camera saturation level. The 600 ps pumping conditions and time delay between the two
pulses, ∆t, of 700 ps are similar. Fig. 5(a) shows the x-ray laser generated by a 500 fs laser pump focused on a 1.25 cm

Mean =
4.72 ps

20% broadening
at 5.66 ps

Space charge
broadening

t m
ea

s

Figure 4: Measured x-ray laser pulse durations (FWHM), tmeas, as a function of peak intensity for 6.7 ps pumping pulse
recorded under similar conditions. Points with intensity below 16000 a.u. are grouped around a mean value of 4.72
ps (FWHM).  Above this intensity is the onset of temporal broadening of the measured pulse due to space-charge
saturation inside streak camera. The threshold for the onset of saturation is determined at 20% broadening.



target. Figure 5(b) is a 6.7 ps laser pump focused on a 0.6 cm Pd target. Since this is also a 1-D near-field image the
horizontal axis is perpendicular to the target and the laser pumps are incident from the left. The lower x-ray laser output
for the pumping conditions in Fig. 5(a) allows the clear observation of the continuum emission starting just before the
onset of the x-ray laser. The continuum emission lasts for more than 100 ps. The stronger x-ray laser output in Fig. 5(b),
estimated to be in the gain
saturation regime, requires more
filtering and the continuum
emission is at the threshold of
detection. Nonetheless, Fig. 5
shows that it is possible with
this experimental geometry to
measure the spatially and
temporally resolved x-ray laser
and continuum emission. Figure
6 shows a plot of the measured
x-ray laser pulse FWHM, tmeas, as
a function of the short pumping
pulse width. The long 600 ps
pulse energy on target is kept
constant at 1.25 ± 0.25 J and the
delay between the pulses is 700
ps peak-to-peak. The short pulse
laser energy EOT is also kept
within the range of 3.75 ± 0.25
J. In all cases the traveling wave
irradiation geometry was used.
Five different short laser drives,
varied from 0.5 ps to 26.8 ps,
were used with 4 – 6 x-ray laser
measurements for each pulse. The
overall trend is clear that the x-ray laser pulse duration steadily increases with the duration of the laser drive, but only by
a factor of 2.2× compared with the 50× increase in the laser drive. The inset table in Fig. 6 lists the laser drive, the
measured x-ray pulse, tmeas, and the extracted x-ray laser duration, tXRL, after using the instrumental width, tinst, of 0.8 –
1.4 ps subtracted in quadrature. The error bars for column 2 and 3 are ± 1σ. The shortest x-ray laser pulse duration of 2.4
± 0.1 ps are observed for drives below 1.75 ps. There are other similarly short x-ray laser pulses for longer 6.7 ps drive

Figure 5: (a) X-ray laser streak image with short pulse pumping of 0.5 ps (FWHM) short pulse incident on a 1.25 cm target.
Strong continuum emission is observed. (b) X-ray laser streak image with 6.7 ps (FWHM) on 0.6 cm target. Laser
pump is incident from left and time is increasing up.
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Laser  tmeas  tXRL
(ps) (ps) (ps)

0.495 3.8 ± 0.8  3.6 ± 0.9
1.75 4.0 ± 0.8  3.9 ± 0.9
6.7 5.0 ± 0.4  4.9 ± 0.4

13.4 6.0 ± 0.9  5.9 ± 0.9
26.8 8.2 ± 1.5  8.1 ± 1.5

Figure 6: Measured x-ray laser duration, tmeas, as a function of short pulse laser drive.
Between 4 – 6 data points (closed circles) are recorded for each short pulse.
The mean value (open circles) is shown with error bars of 1σ. The dashed
line is a guide through the data points.



pulses when the laser pump energy is reduced to close to the threshold for lasing. We note here that in both these cases
the x-ray laser is not operating in the saturation regime. The overall values shown in Fig. 6 are slightly higher than
RADEX simulations modeled with a perfect traveling wave [21]. It should be kept in mind that the traveling wave
geometry implemented here is stepped and not continuous. Preliminary LASNEX and CRETIN simulations on the effect
of a two-stepped TW line focus on the Ni-like Pd x-ray laser for 1 and 13 ps pumping indicate that there may be a 1.7×
broadening of the x-ray laser pulse as a result of the imperfect traveling wave [22]. The stepped TW would be expected to
converge to the pulse shape as the number of steps increased. Further analysis is in process. The effect of pulse duration
as a function of target length with and without the traveling wave is shown in Fig. 7 (a) and (b). The results in Fig. 7(a)
indicate that for a 6.7 ps laser pump with TW there is very little variation in the measured x-ray laser pulse duration and
no strong trend showing broadening of the pulse in the saturation regime at longer target lengths. The 0.6 cm target gives
a slightly shorter pulse duration of ~ 4 ps (FWHM). It is shown in Fig. 7(b) for 13.4 ps short pulse pump with no-TW,
that the measured x-ray laser pulse durations are slightly longer (6 – 7 ps) for target lengths below 1 cm when compared
the traveling wave case ~ 6 ps (Fig. 6). There does appear to be an increase in the pulse duration for 1.25 cm targets
corresponding to a transit time of 42 ps. It would be expected to observe some de-coupling of the gain regions along the
plasma length when the transit time is substantially longer than the gain lifetime for no TW irradiation. Shorter gain
lifetimes associated with the shorter pumping pulses may exhibit this characteristic at earlier target lengths. In any case,
the trend is shown that the traveling wave geometry consistently shortens the x-ray laser pulse duration and would also be
beneficial for longer laser drives.

5. CONCLUSIONS

We have performed a comprehensive study of the x-ray laser pulse duration under different laser pumping conditions
and with sufficient number of data points to achieve good statistics. An important part of the study was a careful
characterization of the streak camera response to allow the correct interpretation and de-convolution of the x-ray laser pulse
width and shape from the measured results. The x-ray streak camera temporal resolution is estimated to be 1.1 ± 0.3 ps
(FWHM). An understanding of the onset of space-charge effects within the streak camera in order to minimize
instrumental broadening effects while maximizing the signal-to-noise ratio is crucial. A smoothly decreasing x-ray laser
pulse duration, from 8.1 to 3.6 ps, is observed when the short pulse pumping the inversion is decreased from 27 ps to
0.5 ps with traveling wave geometry. Although the pumping pulse varies by a factor of fifty the x-ray laser pulse duration
varies by a factor of two. It has also been shown that the shortest x-ray laser pulse is observed in the range of 2.4 – 2.6 ps
(FWHM) using short 0.5 or 1.75 ps laser drivers where the x-ray laser is not in saturation. X-ray pulses of a similar short

(a) (b)

Figure 7: (a) Measured x-ray laser duration, tmeas, as a function of target length with TW for 6.7 ps pulse laser drive. Data
points (closed circles) and mean value (open circles) with ± 1σ error bars. The horizontal line at 5 ps is a reference
to guide the eye. (b) Measured x-ray laser duration, tmeas, as a function of target length with no-TW for 13.4 ps pulse
laser drive. Data points (closed circles) and mean value (open circles) shown with error bars of 1σ.



duration are observed on some shots using a 6 ps pumping laser where the incident pump energy is sufficiently low to
take the x-ray laser well out of saturation. The pulse shape is observed to vary but many have a Gaussian shape. Typical
pulse widths in the range of 4 – 6 ps are measured for many of the pumping conditions used for x-ray laser
interferometry.
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